In order to mitigate the negative effects of transportation and to achieve a competitive transport sector, infrastructure charges in the European Union should be based on short-run marginal costs. This paper shows that railway-noise charges can be estimated using already obtained knowledge of monetary and acoustical noise evaluation. Most European countries have standardized calculation methods for total noise level, which can be used to estimate the marginal acoustical effect. Based on a Swedish case study (with a relatively high number of exposed individuals), railway-noise charges are estimated at 0.026, 0.099 and 0.89 e/km for commuter, high-speed and freight trains, respectively.
Introduction
The transportation of goods and people is beneficial to society, but imposes negative external effects, e.g. air pollution, noise, destruction of wild life areas, etc. One negative effect of growing importance is noise from transportation.
Compared with the situation in the early 1990s, noise is the only environmental problem "for which the public's complaints have increased" (Öhrström et al., 2005b, p. 1) . One reason is that the overall noise level has increased as a result of an increase in traffic volume. Another reason is that urbanization has led to more individuals being exposed to traffic noise. Hence, even if noise emissions from traffic would have been constant during the last couple of decades, urbanization itself would have caused noise to be a bigger problem today than it was a couple of decades ago (ceteris paribus). Therefore, if efforts are not taken to reduce either noise emissions or people's reception of noise, the problem will probably increase as a result of more people being exposed to noise in the future (Nijland et al., 2003) .
In this study we are interested in one specific noise source, railway traffic. In order to reduce the railway noise levels people are exposed to, policy makers can choose between reducing either the emission or the exposure. Several studies have shown that the costs of reducing emission at the source are lower than the costs of reducing high noise levels through barriers, façade insulation, etc. (Oertli, 2000; de Vos, 2003) . Reducing emissions at the source requires either direct legislation or that the train operators are given incentives to do so. Well known problems with legislation are that: (i) the noise level might be set at a non-optimal level if the legislators are not fully informed, and (ii) it does not give the operators incentives to reduce their emissions below the given level.
Incentives can be given either by subsidies where, e.g., operators are given subsidies to install "quiet technology", or imposing charges based on short-run marginal costs (SRMC), by which those operators, who contribute more to the noise emissions, will have to pay more and be induced to run quieter trains.
In order to achieve both a competitive transport sector and to mitigate nega-tive effects from traffic, it has been decided that infrastructure charges in the European Union (EU) should be based on SRMC (European Commission, 1998) . Infrastructure charges based on SRMC internalize not only the external effects on the rest of the society, but also externalities within the transport sector, e.g. congestion. Charges based on SRMC, thus, give operators incentives to contribute to a more efficient allocation of resources, and have the potential to result in an optimal traffic volume and use of technology.
The aim of this study is to describe how railway-noise charges based on the marginal cost principle can be estimated.
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Using already obtained knowledge on monetary and acoustical noise evaluation, we first estimate railway-noise charges in a case study and then outline an estimation model. In an ideal infrastructure charging system, railway charges would be diversified according to their true marginal social costs. However, it is necessary to compromise between the variability of the true SRMC and what is an economically sound charging scheme. We discuss the compromises/simplifications and the kind of information that we believe are necessary to estimate railway-noise charges.
The paper is organized as follows. In section 2.1 we briefly describe the SRMC in terms of an increase in railway traffic. We do not estimate any monetary values for noise reductions, since the aim is not to evaluate noise, but to design a model for charging train operators for their noise emissions. In section 2.2 we describe the monetary values used and how they are calculated. Since we believe that most readers are familiar with the subject of evaluation of nonmarketed amenities, we dispense with a discussion on non-market evaluation methods.
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In section 3.1, we briefly discuss the bad of interest to this study, i.e. noise, and how it is measured, which is followed by a description of how marginal noise is estimated in section 3.2. The next section contains a case study from Sweden where railway-noise charges are estimated. Section 5 out-lines a model on how to estimate railway noise charges. Finally, section 6 offers some conclusions regarding our model and the results.
The Social Cost of Railway Noise

The Marginal Social Cost and Railway-Noise Charges
The SRMC of being exposed to railway noise is the social cost of one extra train. Let C(L(Q, r, X) ) denote the individual cost-function which is a function of the noise level L. The noise level is assumed to be determined by the traffic volume (Q), distance to the noise emission source (r), and a vector of other factors assumed to influence the noise level (X), e.g. barriers and ground properties. The total social noise cost of railway traffic (S(Q)) can then be estimated as
where n(r) is the density of exposed individuals at different distances. The marginal social cost (M (Q)) is the change in total cost as a result of a change in traffic volume, i.e.
However, data on distributions of individuals are often available in discrete and not continuous forms. The estimation of railway-noise charges is then carried out using discrete models, and in equation (3) the integral over distance is divided into i discrete sections,
where a(i) and b(i) are distance boundaries for interval i and c(L(·)) =
∂C(L(·))/∂L.
Further, the estimation of the railway-noise charges in the case study in this paper uses data where the noise level is equal for the individuals within each i-interval. From a policy perspective it is reasonable to assume that the noise levels will also be available in discrete forms
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, and if so M (Q)
can be written as
The marginal social cost in equation (4) is for a marginal change in traffic volume, but in order to estimate railway-noise charges for one train we need to multiply M (Q) with the actual change in traffic volume, denoted by ∆Q.
Thus, let T (Q) denote the railway-noise charge, then
Moreover, in this paper the estimated railway-noise charges are based on noise levels, not distance to emission source. The number of exposed to the noise level L is given by N (L), corresponding to n(r)∆r in equation (4). Let ∆L denote the change in noise level from the increase in traffic ; then equation (5) is the railway-noise charge estimated in this paper,
The Monetary Values used in our Case Study
As a measure of the social cost of noise exposure we employ the official mon-
etary noise values used in Sweden (SIKA, 2005) . These values are based on the results of a Swedish hedonic property-value study (Wilhelmsson, 1997) .
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The cost to society from noise exposure can be divided into (Metroeconomica, 3 For instance, based on the European Commission's Environmental Noise Directive data will be collected on the number of persons exposed to noise levels in 5 dB intervals (European Commission, 2002) .
∂Q ∆Q 5 The hedonic technique is one method to elicit the individuals' preferences. For studies on the evaluation of noise abatement, see e.g. Bateman et al. (2001 Bateman et al. ( , 2004 , Navrud (2004) and Nelson (2004) .
2001): (i)
Resource costs, i.e. medical and health service costs, both costs covered by insurances (public and private) and out-of-pocket payments, (ii) Opportunity costs, i.e. lost productivity and the opportunity cost of leisure, and (iii) Dis-utility, i.e. other social and economic costs, e.g. discomfort or inconvenience, and anxiety and concern about the future for oneself, family members and others.
Components (i)-(iii) are not completely separable, but may overlap, and simply adding the components would result in double counting. Components (i) and (ii) are often referred to as "cost of illness" (COI) in the evaluation literature and can be measured using market prices. Market prices usually do not exist for component (iii), the individuals' loss of utility, and, instead, different non-market valuation techniques are used to elicit the individuals' willingness to pay (WTP) to avoid, or willingness to accept (WTA), exposure to the noise.
If the property owners in Wilhelmsson (1997) also considered the risk of financial losses, leisure time lost, etc., from the noise exposure, then the estimates include part of components (i) and (ii). We assume, however, that the full COI is not included in the estimates, and hence the monetary values used in this study should be interpreted as lower-bound estimates. The welfare measures from Wilhelmsson (1997) are based on the hedonic price function, not the hicksian demand functions. This simplified estimation procedure is possible for localized amenity changes when the price function is constant. Zero moving costs are assumed, however, which means that the benefit estimate is an upper bound (see e.g. Freeman, 2003) . 7 Arbetsgruppen för SamhällsEkonomiska Kalkyler, freely translated The Committee on Cost-Benefit Analysis.
continuously progressively increasing, and (ii) have positive values for 51-55 dB as well (SIKA, 1999) .
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The official cost estimates are only available in table format (SIKA, 2005) , and in order to get a continuous marginal cost function we, therefore, calculate the marginal cost function by fitting a monotonic polynomial to the differences in table estimates.
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The estimated monotonic polynomial used as our marginal 
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The lower bound is the bound set by ASEK and the upper bound does not apply in our analysis since no individuals in the case study area are exposed to noise levels above 75 dB. 
Noise Indicator
The sound pressure level (SPL) determines the strength of the noise, and it is normally A-weighted. This weighting is different for different frequencies and is 8 People are assumed not be annoyed at levels below 50 dB. 9 We were in contact with representatives for ASEK, but they were not able to provide us with a cost function. 10 Removing 62 from the argument keeps the coefficients of the polynomial at the same order of magnitude. 11 Values originally in Swedish kronor 2001 price level (SIKA, 2005) . Adjusted to Euros (e) in 2002 price level using consumer price indices (www.scb.se, 02/03/06) and the average exchange rate for 2002, SEK 1 = e 9.16 (www.riksbanken.se, 02/03/06). 12 ASEK developed a cost function for railway noise based on the results in Wilhelmsson (1997) (SIKA, 2002) . This function includes the maximum noise level as one variable, but since the maximum level is not appropriate for estimation of marginal effects (see section 3.2), we do not use it.
an approximation of the average sensitivity of the human ear. For railway-noise exposure two basic noise indicators are used, the equivalent and the maximum level. The equivalent level is an energy average over a certain time period, and the maximum level is the maximum level that occurs during a time period under certain restrictions, for details see, for instance, Sandberg and Ejsmont (2002) .
The equivalent level is used as an indicator of general annoyance, and the maximum level as an indicator of sleep disturbance. The maximum level is more difficult to determine from noise measurements, since: (i) the longer the measurements the higher the maximum level, and (ii) it is easily influenced by sources other than the one examined. For railway noise the maximum level is simply determined by the loudest train passage, and all other train passages become irrelevant. The equivalent level is more influenced by loud passages, but all trains contribute. No train passage can lower either the equivalent or the maximum level.
The equivalent level for a full 24-hour period is denoted L AEq,24h . It is the most commonly used noise indicator, also used by Swedish authorities. There is strong evidence that night time train traffic can cause sleep disturbance (Hoeger et al., 2002; European Commission, 2004) , and the maximum level during the night is often used as an indicator. However, in order to incorporate both the effects of general annoyance and sleep disturbance in one indicator, the L den (level day evening night) has been proposed (Miedema and Oudshoorn, 2001 ) and chosen as the noise indicator for railway noise exposure in the Environmental Noise Directive (European Commission, 2002) . This indicator is an equivalent level, but with a penalty for noise events in the evening and at night, effectively giving more weight to evening and night time traffic. 
Calculating the Acoustical Marginal Effect
The marginal effect in acoustical terms is the effect one extra train will have on the noise level. This effect is dependent not only on the acoustical parameters of the extra train, but also on the total traffic already present on the railway.
For the maximum level the marginal effect is zero for all trains except for those louder than all trains already in traffic. For the equivalent level, the marginal effect is the increase in level that the marginal train will cause, which makes the equivalent level a more appropriate indicator than the maximum level when studying marginal effects.
In this study the standardized Nordic method (Jonasson and Nielsen, 1996) , which is the method employed by Swedish authorities, is used to calculate both the equivalent levels of the current traffic and the marginal effects. This method utilizes data on ground type (hard/soft), distance between rail and receiver, screening by buildings and terrain, train type and speed, and calculates the level at the receiver. The method assumes slightly unfavorable weather conditions, i.e. slightly higher sound levels than with a neutral atmosphere, and is stated to be accurate up to a distance of 300 m. This method will soon be replaced by a new Nordic method, which is more detailed and accurate (Plovsing and Kragh, 2000a,b) , which in turn will be replaced by a harmonized European method (de Vos et al., 2005) , as required by the Environmental Noise Directive (European Commission, 2002) .
Case Study Lerum
Lerum is a municipality located along the railway line (Västra stambanan) and the motorway (E20) between Gothenburg and Stockholm in Sweden. We employ data from a study conducted in order to examine health effects from noise exposure (Öhrström et al., 2005a,b) . Öhrström et al. measured and calculated road and rail traffic noise levels for more than 24,000 inhabitants, and based on these calculations they chose a subset of the municipality around the railway and motorway for further investigation, see the sketch in Figure 2 .
In that area 3,120 dwellings had L AEq,24h higher than 45 dB, and 2,751 questionnaires were distributed with a return rate of 71%, i.e. 1,953 households answered the survey. The total number of exposed in our study is estimated based on the respondents' answers about household size and the total number of exposed dwellings.
14 A refined set of calculations of L AEq,24h and L den noise levels due to the railway traffic were carried out for those who answered the questionnaire, and it is these values that are used in our study. Nonresponding households are excluded from our analysis since less information on noise exposure is available for them, and the number of exposed is, thus, underestimated.
[ Figure 2 about here.]
Traffic Volume and Number of Exposed Individuals
The railway traffic through the survey area is 190 trains per day on two parallel tracks. The details are given in Table 1 , where the acronyms X10, X2 and Rc refer to commuter, high-speed and freight train, respectively. All trains are electrically powered and more details on the different train types can be found in Diehl and Nilsson (2003) . The speed is relatively low, in other areas along the railway line speeds are up to 200 km/h (kilometres/hour) for high speed trains and up to 160 km/h for passenger trains. Note that freight traffic mainly occurs at night while the opposite is true for passenger traffic, and that the variation in train speed is relatively small.
[ Table 1 
Estimation of Railway-Noise Charges for Lerum
By combining information about the marginal cost function and the number of individuals exposed at different noise levels, the social cost associated with a marginal increase in the noise level can be estimated. Based on the railwaytraffic data in Table 1 and using the Nordic method we calculate the marginal change in sound level from a single extra train passage per day for the three train types above. Using the marginal change in sound level, the annual marginal cost (T ) in the survey area is calculated by multiplying the number of inhabitants in a 1 dB interval with the cost function and the acoustical change,
where L defines L AEq, 24h , and N (L), c(x) and ∆L are the number of inhabitants exposed in the 1 dB interval centred around L, the annual cost function from equation (6) and the change in sound level due to the marginal train,
respectively.
15 Figure 5 shows how the contribution to the marginal cost for one extra train passage varies with L AEq,24h . Levels below 50 dB do not contribute at all since the cost function in Figure 1 is not defined below 50 dB. It is interesting to note that even though the marginal cost per inhabitant is substantially lower for the inhabitants at the lower noise levels, their contribution is substantial since there are many more exposed inhabitants at lower levels. For instance, inhabitants exposed to levels below 55 dB (a level often considered to be tolerable) account for 32% of the total marginal cost.
[ Figure 5 about here.]
Rail access charges are often given per km. To get the calculated total marginal cost for the survey area in e/km it must be adjusted by the number of days per year and the length of the track within the survey area (21 km). The marginal cost estimates per km for the three train types are shown in Table 2 .
The marginal cost for the freight train is approximately ten times higher than the cost for the high speed train due to its length and higher source strength.
[ to the 10 dB penalty for passages during the night when calculating the L den indicator. Since the total level is slightly higher when using L den , the acoustical marginal effect is lower for daytime passages compared to the equivalent level, which in turn gives a lower marginal cost. On the other hand the nighttime train passages have a substantially higher marginal cost when L den is used compared with L AEq,24h . However, it should be noted that the cost function in equation (6) was determined in a study based on equivalent levels, which introduces errors when estimating the effect for L den . These errors are negligible if the traffic distribution between day, evening and night for the railway line under study is similar to the line where the valuation study was performed.
For the case study Lerum these errors should be less than 2 dB.
Railway noise is believed to be less disturbing (in terms of general annoyance) than road traffic noise of the equivalent level (Miedema and Vos, 1998; Miedema and Oudshoorn, 2001; Moehler et al., 2000) . In Sweden railway noise is considered to be 5 dB less disturbing than the measured equivalent level when comparing to noise limits (Prop. 1996 (Prop. /97:53, 1996 . This 5 dB deduction is called the railway noise bonus. Our marginal cost function is based on road traffic. In the lower part of Table 2 the effect on the charges from deducting the railway noise bonus is shown. As can be seen, the charges would be considerably lower if the railway noise bonus was taken into consideration.
Sensitivity to Total Traffic Volume
The marginal effect is not only dependent on the acoustical properties of the marginal train set, but also on the total traffic already present on the railway.
For a low traffic volume the marginal acoustical effect might be substantial, but the total level the inhabitants are exposed to is relatively low. For a situation with a high total traffic the reverse is true; the marginal effect is small but the total level is high. Since the marginal cost depends on both the total level and the marginal effect, an interesting numerical experiment is to vary the total traffic and see how the marginal cost is affected.
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When the traffic volume is increased, the total noise level is also increased, which leads to more inhabitants being exposed to higher levels. On the other hand, the marginal effect of a single train passage is decreased, since it contributes less to the total noise level. In Figure 6 the marginal cost, which is the product of the two effects, for the freight train in the example above is calculated as a function of total traffic volume under the assumption that the proportions between different train types are not changed. As can be seen, the marginal cost is not very sensitive to the total traffic volume. Doubling the total traffic from 100% to 200% only changes the marginal cost by 10%.
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[ Figure 6 about here.]
Discussion of Estimation of Railway-Noise Charges
The estimations in section 4 illustrate how railway-noise charges can be estimated. In this section we make our recommendations on how to proceed in the development of estimation models for railway-noise charges.
The Monetary Estimate of Noise Abatement
It is desirable that all three social cost components from section 2.2 are included in the charges. The impact pathway approach (IPA) includes all 16 Let f (z) and g(z) denote the marginal cost function and the marginal noise function at different noise levels (z). The marginal cost at a given noise level (z) is
< 0, and g (z) > 0, where primes denote differentiation. Without further assumptions, the effect on M C(z) from an increase in the noise level is ambiguous, three cost components and is intuitively appealing (Metroeconomica, 2001; Bickel et al., 2002; Schmid and Friedrich, 2002; Navrud, 2004) .
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IPA rests on assumptions for which there is a lot of uncertainty, however, and we believe that more research is needed before the IPA can be used to estimate the social cost of noise. Instead, we recommend that the social cost of noise is estimated as the sum of Resource costs and WTP estimates from stated-or revealed-preference studies. Since WTP estimates might reflect both opportunity and dis-utility costs, this approach mitigates double counting.
Today most cost estimates are based on noise from road traffic in living environments (Bateman et al., 2004; Navrud, 2004) . The characteristics of road traffic noise are quite different from those of rail traffic noise, and several studies have showed that individuals perceive noise from road traffic as more annoying than from rail traffic (Miedema and Vos, 1998; Moehler et al., 2000) .
This means that it is reasonable to expect that preferences for noise abatement differ between rail and road traffic. It is well known that the estimates are context-related and depend on the evaluation technique and quality of the evaluation study, which is a problem for "benefit transfers" (Bateman et al., 2001; Day, 2001; Navrud, 2004) . We, therefore, recommend that monetary values for rail traffic are estimated when non-existing.
It would be desirable to have diversified estimates according to where (housing, business, recreation areas, etc.) and when the rail traffic occurs. and since it depends on when the traffic occurs, it punishes evening and night traffic.
Estimation of the Acoustical Marginal Effect
Calculating the total noise level is rather straightforward. Most European countries have standardized calculation methods and there is also a common European method (de Vos et al., 2005) that can be used. The input data needed (apart from traffic volume data) is typically information on terrain heights, noise emission of the train types in traffic, the ground properties (acoustic impedance), screening objects such as buildings, distance between railway and receiver, and meteorological conditions. The marginal acoustical effect can be calculated with these standardized methods by taking the difference of the noise level before and after the marginal train is added.
Noise emission data is normally available for existing train types and the noise prediction methods include procedures for adding new train types based on field measurements. There is also an EN ISO standard for determining noise emission from railway vehicles (ISO, 2005) . Thus, train types are diversified with standardized calculation methods and available information, which is important if we want the railway-noise charges to reflect the train types' SRMC.
Note that by using these already available standards and procedures, no difficult decisions on how to classify the noise emission of different vehicle types have to be made, all information needed is available for vehicle types in traffic, and can be determined for new vehicle types.
Number of Individuals Exposed to Noise
As shown in section 4.3 the marginal cost is not very sensitive to changes in traffic volume. The number of exposed individuals has a large influence on the estimates, however. As illustrated in Figure 6 , increasing the traffic volume by 100% reduces the marginal cost by approximately 10%, whereas a doubling of the number of exposed doubles the marginal cost. For instance, Lerum is relatively densely populated, and by combining the distribution of people exposed in Lerum with the population density of 8 other municipalities along the same train route, the SRMC for freight traffic is reduced from e 0.89/km to e 0.42/km.
In order to estimate the number of exposed at different noise levels, information on the distribution of individuals in relation to the railway is needed. If the location of each individual is known, the noise level at that location can be calculated. However, data on the exact location of each exposed individual along a certain railway line is difficult to obtain. Perhaps the most efficient way is to make detailed calculations for a number of representative areas and then extrapolate to different regions via rules of thumb based on inhabitant density, urban/rural area, terrain type, etc, as illustrated in Figure 7 . For instance, the Swedish National Road Administration uses a 4 level classification system (rural, urban sparse, urban medium and urban dense) when estimating the social cost of road noise.
[ Figure 7 about here.]
In Europe an alternative and effective approach for determining the number of exposed individuals will soon be available. As part of the noise-mapping required by the European Commission's Environmental Noise Directive, the number of exposed persons along railway lines with relatively heavy traffic will be surveyed and published by infrastructure managers starting in 2007 (European Commission, 2002) . These data will be available as the number of persons exposed to noise levels in 5 dB intervals, both for L AEq,24h and L den , and can be used directly to calculate the noise charge for the railway lines surveyed. Railway lines with less traffic will not be included in the survey, and must be dealt with using other methods, for example by rules of thumb and a classification as described above.
Since the data from the case study in section 4 is given in 1 dB intervals, the error of grouping exposed persons together in 5 dB intervals can easily be investigated. In Figure 8 the effect of grouping is demonstrated by plotting the 5 dB interval data together with the original data from Figure 3 .
When using the centre of each 5 dB interval to calculate the cost function in equation (6), the marginal cost for running a train through the area is 18%
higher. This increase is caused by inhabitants being shifted to and assumed exposed to the level at the centre of the interval, when in reality there are more exposed inhabitants in the lower end of the interval than in the high end. If the distribution of individuals is known, either from theory or from detailed surveys, this error can be compensated for. Preliminary tests on our case study indicate that the error can be reduced to a few percent only.
[ 
Conclusions
The aim of this study was not elicit individuals' preferences for reduced railnoise exposure or to evaluate noise-abatement measure, but to outline a model for railway-noise charges. The calculated railway-noise charges in this study are based on a single case study and their levels are, therefore, of limited value.
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From our case study we have learned, however, that: (i) the effect of changes in total traffic (within reasonable limits) for a certain railway line on the SRMC is negligible, (ii) the estimated SRMC is sensitive to the number of individuals exposed, and (iii) standardized methods can be used to get diversified charges.
Thus, there is often no need to update the marginal cost calculations based on changes in traffic volume, but it is important that the estimated number of exposed individuals reflect actual numbers exposed, especially for lower noise levels, since most individuals belong to this group. The estimated charges in Table 2 show not only that diversification is possible, but also that the estimates are in line with what we expect, i.e. considerably higher for freight and night traffic.
One problem with charges that differ between countries is that a diversity of rail infrastructure charges poses a problem for international rail freight (Nash, 2005, p. 259) . However, it is important that charges are context-dependent and that the noise part of any charges is not too simple in its construction.
A charge which is the same for all train types is an obvious problem, since it might destroy the incentive for operators to utilize technology that reduces the noise emission. For instance, changing brake pads on freight waggons from cast iron to commercially available composite pads typically lowers the equivalent noise level by 8 dB according to the International Union of Railways (UIC).
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Lowering the level for the freight train in our example by 8 dB lowers the marginal cost from e 0.89/km to e 0.14/km, a strong incentive for operators if it is available within the rail access charge system.
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We have shown that, with information on the number of people exposed, it is possible to calculate the SRMC for railway noise by using standardized calculation methods and estimates of monetary values already in use by national authorities. The railway noise prediction methods will be harmonized within the European Union in the future, and noise maps will be available for all ma- a: Some train sets are 100 m long in peak traffic.
b: Average length.
The acronyms X10, X2 and Rc are the Swedish acronyms for the train sets. a: The level is reduced by 5 dB before calculating the cost, assuming that railway noise is 5 dB less annoying than road traffic noise.
